The Earth's magnetic field, one of the most enigmatic physical phenomena of the planet, is constantly changing on various time scales from decades to millennia and longer. The reconstruction of geomagnetic field behavior in periods predating direct observations with modern instrumentation is based on geological and archaeological materials and has the twin challenges of 1) the accuracy of ancient paleomagnetic estimates and 2) the dating of the archaeological material. Here we address the latter by using a set of storage jar handles (fired clay) stamped by royal seals as part of the ancient administrative system in Judah (Jerusalem and its vicinity). The typology of the stamp impressions, which corresponds to changes in the political entities ruling this area, provides excellent age constraints for the firing event of these artifacts. Together with rigorous paleomagnetic experimental procedures, this study yielded an unparalleled record of the geomagnetic field intensity during the 8 th -2 nd centuries BCE. The new record constitutes a substantial advance in our knowledge of past geomagnetic field variations in the southern Levant. While it demonstrates a relatively stable and gradually declining field during the 6 th -2 nd centuries BCE, the new record provides further support for a short interval of extreme high values during the late 8 th century BCE. The rate of change during this "geomagnetic spike" (defined as > 160 VADM ZAm 2 ) is further constrained by the new data, which indicate an extremely rapid weakening of the field (losing ∼27% of its strength over ca. 30 years).
Introduction
Reconstruction of geomagnetic secular variation during the Holocene has implications for various fields of research, from geophysics and other planetary sciences to biology and archaeology. Such reconstructions are based predominantly on heatimpacted geological and archaeological materials, whose thermal remanent magnetization (TRM) holds information on the geomagnetic field vector at the time of their last cooling. As evidence for fluctuating field behavior, including short (decadal) periods of rapid changes, is constantly growing (1) (2) (3) (4) (5) , using records with excellent time resolution has become increasingly of interest.
In order to improve the accuracy and precision of age constraints associated with estimates of ancient geomagnetic field strength, the current study exploits a set of archaeological artifacts whose ages are exceptionally well constrained. This set is composed of well-studied ceramic jars from Judah/Yehud/Judea (Jerusalem and its vicinity), which bear royal stamp impressions on their handles (6) (7) (8) (9) (10) . The stamped jars were part of the ancient administration of this region for about six hundred years, between the late 8 th and late 2 nd centuries BCE. As the types of stamp impressions changed with time according to the political situation, the jar handles provide an excellent record for geomagnetic intensity in the Levant during this time.
The geomagnetic intensity record of the Levant has recently improved with new data from Israel, Jordan, Syria and Cyprus (4, and references therein). These data indicate two very short episodes of extremely high field values (Virtual Axial Dipole Moments [VADMs] in excess of 160 ZAm 2 ) during the 10 th and 8 th centuries BCE respectively, which are referred to as the "Iron Age spikes" (2-4). However, as the unusually high field values, accompanied by apparently rapid changes in field strength, raise difficulties in core-flow models, the existence of the spikes have been questioned (11) , and a scholarly debate has emerged (5, 12) . Thus, an additional aim of the current study is to further investigate this phenomenon, using jar handles bearing successive seal types from the 8 th c. BCE, the time of the later Iron Age spike.
Materials and Methods

Sampling
The focus of the current research is on royal Judean stamped jar handles that were found in surveys and excavations in Jerusalem and the hill country of Judah. As the archaeological context of these artifacts has no direct relation to the place of their firing (i.e., the location where magnetization was acquired), the entire assemblage is treated here as though coming from one central location in Judah. This location was chosen to be the archaeological site of Tel Sochoh (31.682°N, 34.975°E), which several studies suggest was the production place of one of the major jar groups (the lmlk stamp type, 6, 7, 13). That said, as all of the stamped jars investigated in this study were produced within the boundaries of the political formations ruling the Judean region throughout the first millennium BCE (∼31.2°N-32.2°N), the maximum expected uncertainty in estimated VADM is less than 1 ZAm 2 . Age estimates of the jar handles (Fig. 1, Table 1 ) are based on the typology of the stamp impressions found on them, which, except for one general type (the incised concentric circles), were
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Understanding the geomagnetic field behavior in the past, and in particular its intensity component, has implications for various (and disparate) fields of research, including the physics of the Earth's interior, atmospheric and cosmologic sciences, biology and archaeology. This study provides substantial new data on variations in geomagnetic field intensity during the 8 th -2 nd centuries BCE Levant, thus significantly improving the existing record for this region. In addition, it provides further evidence of extremely strong field in the late 8 th century BCE ("geomagnetic spike"), and of rapid rates of change (> 20% over three decades). The improved Levantine record is an important basis for geophysical models (core-mantle interactions, cosmogenic processes and more) as well as a reference for archaeomagnetic dating. Table 1 for references). done by stamping a seal onto the wet clay just before firing. More than a century of research of these artifacts has resulted in good to excellent chronological constraints. These are based on their stratigraphic context (sharply confined by destruction layers at 701 and 586 BCE), stylistic considerations, the study of the script (Hebrew or Aramaic) and relevant historical events (e.g., 6, 7, 14, 15) . While there is relatively broad scholarly agreement on the age ranges labeled "likely" in Table 1 (and used as a reference for our results), the maximum possible time intervals are also provided, with the references for the relevant literature. Extensive detail about the artifacts used in this study is provided in the supplementary material (#1), including the context of their discovery, stamp impression typology, photographs and references. Most of the handles used in this study were retrieved from the collections of the Ramat Rahel Expedition (16) and the Tel Sochoh survey (17) . Each artifact, referred to here as a "sample", is identified by a 5-characters label that include the name of the study (JH = Judean Handles), the type/sub-type of the stamp impression (e.g., 50 = the lion type), and the sample running number (in letters). For the paleomagnetic experiments, five to six small (∼2 mm) pieces were chipped from each sample. These chips are referred to here as "specimens" and are indicated by running numbers; for example, specimen JH50b3 is the third specimen from the second lion-type sample in this study. 137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204   2 www.pnas.org ------Footline Author   205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272 Submission PDF Paleointensity experiments were carried out in the Paleomagnetic Laboratory of Scripps Institution of Oceanography (SIO), University of California San Diego, using laboratory built computer-controlled paleomagnetic ovens and a 2G-SRM-760 3-axis superconducting magnetometer. Laboratory procedures and data analyses were done in the same manner as described in Shaar et al. (4) . The procedure followed the IZZI protocol of Tauxe and Staudigel (18) with routine partial Thermal Remanent Magnetization (pTRM) checks at every second temperature step (19) . A remanence tensor for anisotropy corrections was calculated from thermoremanent magnetizations (TRMs) acquired in six orthogonal positions, or with anhysteretic magnetizations (ARMs) acquired in nine position. Corrections for cooling rate effects were done assuming a logarithmic relationship between TRM overestimation from ratios of laboratory versus original cooling rates (20) , and cooling time from 500°C to 200°C approximations of 0.1 hours, 3.7 hours, and 6 hours for the lab-fast, lab-slow, and ancient cooling times. In all experiments the field during 'in-field cooling' in the oven was 60 μT. Data analysis was done with the Thellier GUI program (21) , which is part of PmagPy software (22) , using the automatic interpretation technique described in detail in Shaar et al. (4, 23) . The acceptance criteria follow Shaar et al. (4) and are described with references in the Supplementary Material.
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Results
All data from our paleomagnetic experiments are provided in the MagIC online database (https://earthref.org/MagIC/). [Note to reviewers: the data will be available upon acceptance of the manuscript.] Out of 211 specimens, 158 passed the threshold values of the criteria used to establish paleomagnetic reliability (Supplementary Material #2), a success rate of 74%. This relatively high success rate for ceramic material (cf., 24), together with the strictness of the threshold values used in this study (cf., 25), demonstrates the high quality of the Judean jars as a paleomagnetic recorder. Fig. 2 illustrates typical behavior of specimens during the paleomagnetic experiments. Most specimens have a single component magnetization and a blocking temperature compatible with magnetite. In addition, the original (or "natural") remanent magnetization (NRM) of the fired clay is relatively strong, in the range of 10 -5 Am 2 /kg, allowing the use of very small fragments (∼20 mg) in the (destructive) archaeomagnetic experiments, which is important especially when working on rare archaeological materials such as inscribed clay.
Applying a minimum of 3 successful specimens and a maximum standard deviation of 3 µT or 8%, 27 out of the 67 samples measured yielded reliable paleomagnetic results (Table 2) . These new data add to previously published geomagnetic intensity values for the Levant during the first millennium BCE (Fig. 3) . 273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339 
Discussion
Our paleomagnetic experiments yielded excellent geomagnetic intensity values for all of the stamp impression types and subtypes defined in Table 1 and shown in Fig. 1 , except for one ("Late   409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475 (27) , previously published data of Gallet et al. (28) . Following the peak, there is a trough around 0 CE identified by Ben-Yosef et al. (29, ∼77 ZAm 2 VADM). In general, however, it is evident that the secular variation models predict significantly weaker fields and a much smoother behavior than our data suggest.
Discrepancies between models and experimental data have been observed in other recent publications of studies from the southern Levant (e.g., 4), Cyprus (23) and other regions (e.g., 30, 31), and they are most notable in the early Iron Age of the Eastern Mediterranean (ca. 1200-700 BCE) when the field fluctuated rapidly with intensity peaks reaching more than 150% of the model-predicted values (cf. Fig. 3 for the 8 th c. BCE). As the models are based on the extensive data published over decades of research, it is evident that they are smoothed by "noise" in the data. These source of noise includes both faulty intensity estimations (inappropriate experimental protocol and/or selection criteria) and erroneous dating. The latter issue has been underappreciated until recently, when more collaborative projects were introduced and effort began in tackling the intricate problem of dating archaeological contexts and artifacts. Thus, the next generation of models need to take into account regional datasets that were scrutinized for quality of their individual samples. The Levantine curve presented here (Fig. 3a) includes only such data, and our research on the Judean stamped jar handles underscores the advantages of working with inscribed clay materials to tackle the dating issue.
In addition to the "noise" in the database, rapid secular variations are not represented in the geomagnetic field models because of their extremely short durations. To detect rapid changes such as those observed for the 8 th c. BCE southern Levant (Fig. 3) it takes an extensive quantity of data obtained from materials that represent a time-sequence of only several decades. Not only are such efforts rare in common archeaomagnetic research, but the archaeological record itself is often not continuous and biased towards major events of destructions or abandonment. Several ways to overcome this issue have been suggested in previous research, including working with materials from waste piles and industrial debris (2, 29) .
Our new data support the existence of an interval of extremely high field intensity during the late 8 th century BCE. These high values are in agreement with recently published data by Shaar et al. (4) and represent one of the Levantine Iron Age "geomagnetic spikes". These anomalies, first reported by Ben-Yosef et al. (2) , were defined by Cai et al. (32) as "a sharp increase in the field intensity to more than twice the present value (∼160 ZAm 2 VADM) in less than 500 years". Following this definition and the current data available for the Levant (4), there is evidence for at least two such spikes, one during the 10 th century BCE (cf., 2, 3; note that evidence of a 9 th century BCE spike failed the more rigorous selection criteria applied in the current study, 30) and the other during the 8 th century BCE. Both the 10 th century and 8 th century BCE spikes occured during a time span of generally high field values world-wide (33), which appears to promote rapidly fluctuating and unstable fields (see discussion in 3). The data of the current study add new information on the 8 th century BCE spike, as it provides strong evidence of the rapidly decreasing intensity over the interval after 732 BCE, an interval not covered by previous studies (Fig. 3) . Age constraints from archaeological contexts and stamped jar handles during the second half of the 8 th BCE southern Levant are exceptionally tight, as the region was influenced by Assyrian interventions that resulted in excellent chronological markers in the archaeological record (10) . These include military campaigns that left destruction layers of the major Israelite and Judahite cities (in 734-732/722-720 BCE and 701 BCE respectively, Fig. 3 ). Moreover, the interaction with Assyria and preparation for possible conflicts had direct bearing on the administration of Judah, which is reflected in changes in the stamp impressions on the jar handles ( Table 1 , and references therein). Thus, the data indicate a sharp drop of ∼27% in field intensity over 31 years (732 -701 BCE), or -if accepting Na'aman's (34) chronology -over 14 years (715-701 BCE). This well-constrained time interval of the decaying 8 th century BCE spike is important new evidence that should be taken into account as part of the ongoing discussion on this phenomenon, its sources and its effects (e.g., 11, 12, note that the rates here are around ∼0.75/1.5 µT/year, within the limits of the suggested models).
Recently, more evidence of extremely high field values around the time of the Levantine Iron Age spikes (∼3000 BP) was found in nearby regions, including Turkey (35) and Georgia (36) . Altogether, the available data suggest that this is a regional phenomenon, similar in scale to the current South Atlantic Anomaly (cf., 4); however, the exact geographic expanse of this phenomenon has yet to be investigated, and the fact that these are very short lived features that can be easily missed suggest that there is much more to discover. As demonstrated here, special archaeological materials such as inscribed clay are one of the keys for increasing time resolution in future research.
